An Identified Set of Visceral Muscle Bands Is Essential for the Guidance of Migratory Neurons in the Enteric Nervous System ofManduca sexta  by Copenhaver, P.F. et al.
DEVELOPMENTAL BIOLOGY 179, 412±426 (1996)
ARTICLE NO. 0271
An Identi®ed Set of Visceral Muscle Bands Is
Essential for the Guidance of Migratory Neurons in
the Enteric Nervous System of Manduca sexta
P. F. Copenhaver,1 A. M. Horgan, and S. Combes
Department of Cell and Developmental Biology L-215, Oregon Health Sciences University,
Portland, Oregon 97201
During the formation of the enteric nervous system (ENS) in Manduca, a population of 300 enteric neurons (the EP cells)
become distributed along the foregut and midgut by migrating onto speci®c sets of visceral muscle bands. Only after their
migration is complete do the neurons express a variety of position-speci®c phenotypes, including a peptidergic phenotype
that is usually restricted to a subset of EP cells on the midgut. To investigate whether direct interactions between the EP
cells and these pathways are necessary for either neuronal migration or differentiation, we have investigated the develop-
mental origins and functional role of the muscle bands in embryonic culture. Using scanning electron microscopy, immuno-
histochemistry, and mitotic labeling with bromodeoxyuridine, we found that the eight major muscle bands of the midgut
form by the coalescence of longitudinal muscle ®bers on the midgut surface, apparently in response to regional cues
associated with the underlying epithelium. These bands then serve as migratory pathways for the EP cells, which travel
rapidly along the bands (but not onto adjacent interband musculature) and then complete their differentiation. Dye labeling
of individual EP cells revealed that prior to migration onset, each neuron extended widely distributed ®lopodia onto both
the band and interband regions of the midgut surface. As the muscle bands coalesced, however, the leading process of each
EP cell became increasingly con®ned to a speci®c band, onto which it subsequently migrated. In a series of surgical
manipulations of both the muscle bands and the migratory neurons, we demonstrated that these pathways are both
necessary and suf®cient to support the migratory behavior of the EP cells. Surgical interventions that prevented the neurons
from contacting the muscle bands inhibited migration, while contact between isolated EP cells and a muscle band supported
both their migration and differentiation. However, the acquisition of mature phenotypes by the EP cells was not strictly
dependent on the migration of these neurons to their expected positions. In particular, the onset of neuropeptide expression
could be detected in at least some of the neurons whose migration onto the midgut had been blocked. Thus, in the embryonic
ENS, the migration and delayed differentiation of the EP cells represent precisely coordinated aspects of development that
are nevertheless regulated in an independent manner. q 1996 Academic Press, Inc.
INTRODUCTION available at speci®c times and locations, as well comple-
mentary receptors for these cues to be expressed by the
The directed migration of presumptive neurons and glial migratory cells in a corresponding manner. Components of
cells along speci®c pathways is essential to the formation the extracellular matrix (Bronner-Fraser, 1990; Delannet et
of the nervous system in most organisms and often affects al., 1994; Landolt et al., 1995), membrane-associated adhe-
the subsequent differentiation of the postmigratory cells. sion molecules (Hatten, 1990; Erickson and Perris, 1993;
Within the complex environment of a developing embryo, Bronner-Fraser et al., 1992), and secreted factors (Wehrle-
the guidance of a cell to its mature position requires a vari- Haller and Weston, 1995; Ishii et al., 1992; Basler et al.,
ety of pathway cues (both stimulatory and inhibitory) to be 1993) have all been shown to promote migratory behavior in
de®ned contexts, although a combination of these guidance
cues will most likely contribute to the control of cell migra-1 To whom correspondence should be addressed at Department
tion within a developing embryo (Hynes and Lander, 1992;of Cell and Developmental Biology L215, Oregon Health Sciences
Letourneau et al., 1994).University, 3181 SW Sam Jackson Park Road, Portland, Oregon
97201. Fax: (503) 494-4253. E-mail: copenhav@ohsu.edu. The arrival of migratory cells into new locations often
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coincides with the onset of expression of mature pheno- ®lopodial processes during this period, they remain clus-
tered at the foregut±midgut boundary until the differentia-types, as typi®ed by derivatives of the neural crest (Le Dou-
arin et al., 1994; Rothman et al., 1984; Habecker and Landis, tion of super®cial gut musculature (Copenhaver and Tag-
hert, 1989b; and described below). During the ®nal stages1994). Similarly in the developing CNS, the migration of
neurons into particular layers of the brain can be correlated of gut closure, subsets of the EP cells become aligned with
visceral muscle cells at speci®c locations around the foregutwith the phenotypic traits that they subsequently express
(Wetts and Fraser, 1988; Sotelo and Alvarado-Mallart, 1991; and midgut. Subsequently, the EP cells participate in a rapid
phase of migration (from 55 to 60% of development), duringFishell, 1995). In some instances, however, developing neu-
rons have been found to be predisposed toward the expres- which the neurons travel up to 200 mm along the newly
formed muscle band pathways on the gut surface.sion of particular phenotypes that would normally appear
only after migration is complete, suggesting that their dif- Notably, the EP cells do not complete their differentiation
until after their migration is complete. Commencing atferentiation is not strictly determined by inductive interac-
tions at their mature locations (McConnell and Kaznowski, 65% of development, the neurons begin to express a num-
ber of different morphological and transmitter-related phe-1991; Henion and Landis, 1990; Raible and Eisen, 1996).
Whether the same pathway cues that guide migratory neu- notypes that typically occur in a position-speci®c manner.
In particular, a subset of the EP cells begins to express arons also in¯uence their subsequent differentiation is less
clear, although components of the extracellular matrix (Reh neuropeptide related to the molluscan peptide Phe-Met-
Arg-Phe-amide (FMRFamide). This phenotype normally ap-et al., 1987; Perris et al., 1988) and, in one case, a secreted
trophic factor (Besmer et al., 1993) have been shown to pears in a subset of neurons that have migrated onto the
midgut regions of the enteric plexus, while FMRFamide-affect migratory cell fate.
While the importance of cell migration was originally positive cells are typically not seen within the foregut re-
gions (Copenhaver and Taghert, 1989a). Thus, in the devel-characterized with respect to vertebrate development, in-
vestigations of a number of simpler preparations have oping ENS, both the migration and differentiation of the
EP cells correspond with speci®c interactions between theshown that the phenomenon of migration is a fundamental
property of all nervous systems during their formation. In neurons and the visceral muscle cells, suggesting that these
aspects of development may be regulated by cues associatedthe nematode, for example, speci®c subsets of identi®ed
cells participate in highly stereotyped movements during with their migratory pathways or postmigratory locations.
In this paper, we have examined the developmental originsembryogenesis, migrating along both radial and longitudi-
nal pathways at speci®c stages of neurogenesis to reach and differentiation of the muscle band pathways and the
sequence of events by which individual EP cells migratetheir mature locations (Hedgecock et al., 1987). In one in-
stance, the guidance of both migrating cells and outgrowing onto them. We have also performed a series of surgical ma-
nipulations of the developing ENS to test whether the mus-axons has been linked to the secretion of a laminin-related
protein (UNC-6) by the underlying epidermal cells, coinci- cle bands are required for either the migration or differentia-
tion of the EP cells.dent with the expression of a putative receptor (UNC-5) by
cells that travel across this region (Ishii et al., 1992; Leung-
Hagesteijn et al., 1992). Other examples of cell migration
have been documented in Drosophila, where small but criti- MATERIALS AND METHODS
cal rearrangements of both neurons and glial cells contrib-
ute to the morphogenesis of both the CNS and PNS (Con-
Embryo preparation, immunostaining, and culture. Stageddron and Zinn, 1994; Heathcote, 1981; Jacobs et al., 1989;
embryos were collected from a laboratory colony of M. sexta andSalzberg et al., 1994). Whether the postmigratory locations
their developmental ages monitored using schedules of internalof identi®ed neurons in these preparations also affect the
and external markers (Copenhaver and Taghert, 1989a; Dorn et al.,
expression of their mature phenotypes has not been exam- 1987). When maintained at 257C, embryogenesis is complete in
ined in detail, however. 100 hr; a speci®c stage is therefore indicated as a percentage of
A more dramatic example of directed neuronal migration total development (1% of development is equivalent to 1 hr). Em-
has been observed within the enteric nervous system (ENS) bryos were restrained in Sylgard chambers and dissected to expose
the ENS (Horgan et al., 1994), using a modi®ed culture mediumof the moth Manduca sexta. The formation of the ENS
containing 5% heat-inactivated Manduca serum. For immunohis-involves the migration of both neurons and glial cells along
tochemical staining, the preparations were opened middorsally,stereotyped pathways during embryogenesis (Copenhaver,
®xed in 4% paraformaldehyde for 1 hr, and incubated with either1993; Copenhaver and Taghert, 1989b, 1991). In particular,
the monoclonal antibody TN-1 (1:20,000; gift of Dr. P. Taghert) orwe have focused on the directed migration of one set of
an af®nity-puri®ed polyclonal antiserum against the same epitope300 neurons (named the EP cells), which ultimately popu-
(1:2000; gift of Dr. J. Nardi). Both of these antibodies recognize the
late a branching nerve plexus (the enteric plexus) that spans cell adhesion molecule fasciclin II (Copenhaver et al., in prepara-
the foregut±midgut boundary (Fig. 1). After emerging from tion) and label the cells of the ENS at all stages of development.
a neurogenic placode in the foregut epithelium (Copenhaver After 24 ±48 hr in primary antibody, the preparations were incu-
and Taghert, 1990), the EP cells ®rst spread bilaterally to bated with the appropriate biotin-conjugated secondary antibody
and then immunostained with the ABC method of Vector Labora-encircle the foregut. Although the EP cells extend short
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tories in the presence of 1.4 mM diaminobenzidine (DAB) and included in our analysis. A minimum of 10 viable preparations
were obtained for each of the manipulations described in this paper.0.001% H2O2. The preparations were then mounted in glycerol,
At the completion of an experiment, the preparations were re-photographed, and analyzed by camera lucida techniques (Copen-
opened, ®xed, and immunostained to visualize the ENS, as de-haver et al., 1995). To detect the expression of FMRFamide-related
scribed above.peptides in the EP cells, a polyclonal antiserum prepared against
Mitotic labeling and scanning electron microscopy of the mus-synthetic FMRFamide (conjugated to BSA; applied 1:2000) or a
cle bands. Mitotic patterns within the visceral musculature ofmonoclonal antibody against the molluscan small cardioactive pep-
the midgut were examined using the thymidine analog 5-bromo-tide (SCP; gift of B. Masinovsky) was used; these antibodies recog-
2*-deoxyuridine (BrdU) to label cells undergoing active DNA syn-nize a number of peptides containing the carboxyl-terminal se-
thesis, after the methods described in Gratzner (1982) and Copen-quence Arg-X-amide (unpublished observations; and B. Masinov-
haver and Taghert (1990). Staged preparations were incubated insky, personal communication), and both antibodies label the
50 mg/ml BrdU (Sigma) for 2 hr, then ®xed and stained with anpeptidergic EP cells equally well (Copenhaver and Taghert, 1989a).
antibody against BrdU (1:30; Becton±Dickinson). Scanning electronTo visualize both peptidergic and nonpeptidergic neurons simulta-
micrography of the developing muscle bands was performed as de-neously, ®xed embryos were immunostained ®rst with the anti-
scribed by Copenhaver and Taghert (1989b). Brie¯y, dissected em-FMRFamide antiserum and reacted by the ABC method in the pres-
bryos were ®xed, freeze-dried, and gold-coated with a Denton Desk-ence of 1% NiCl (to produce a black reaction product that was
1 Etch/Sputter system. Scanning electron microscopy was per-localized to the cytoplasm). The preparations were then rinsed and
formed with a Phillips Model SEM501.stained again with TN-1, using the ABC reaction with DAB±H2O2
Fluorescent dye injections. Individual EP cells were labeledalone (to produce an orange±brown reaction product that was local-
with the lipophilic dye 1,1*-dioleyl-3,3,3*,3*-tetramethylindocarbo-ized to the cell membranes). This method provided a sensitive
cyanine methanesulfonate (mono-unsaturated DiI; from Molecularmeans of detecting relatively faint levels of FMRFamide-related
Probes, Eugene, OR). Glass microelectrodes (20±40 MV) were ®lledpeptides within the developing ENS.
at the tip with a solution of 10 mg/ml DiI in methanol. EmbryosFor surgical manipulations of the ENS, staged embryos were
were dissected in culture medium to expose the developing ENSplaced in culture at speci®c times before or during the period of
and visualized with a compound microscope at 6501 (as describedEP cell migration, and a small incision was made in the middorsal
above). DiI was then delivered to EP cells at various stages of migra-body wall to expose the gut surface. Transections of the gut were
tion by brief pressure injection with a WPI Picopump picospritzerperformed under a stereomicroscope, using sterilized ®ne forceps
(after Horgan et al., 1995). Individual muscle band cells were simi-and microelectrodes. For ablations of individual muscle bands, the
larly labeled by intracellular injections of a 20 mg/ml aqueous solu-dissected preparations were transferred to the ®xed stage of a com-
tion of ¯uorescein dextran (10 kDa; from Molecular Probes). Simul-pound microscope (Nikon UM-2) equipped with Nomarski optics
taneous labeling of EP cells and muscle band cells was accom-and a 501 water-immersion lens (Leitz). Individual muscle bands
plished by ®rst injecting a muscle cell with ¯uorescein dextran,were then visualized and removed from particular regions of the
brie¯y ®xing the preparation with 4% paraformaldehyde (5 min atmidgut surface, using a sterile glass electrode mounted on a remote
room temperature), and then injecting an adjacent EP cell with DiI.hydraulic manipulator. The EP cells were also monitored during
The preparations were then viewed and photographed on a Nikonthese manipulations to ensure that no excessive damage was in-
Optiphot2-UD microscope equipped with the appropriate ¯uores-¯icted on the premigratory neurons in the vicinity of the ablated
cent ®lter sets.band. For neuronal transplantations, the premigratory cells were
®rst isolated from the surrounding nonneural cell layers and re-
moved from the gut surface with glass electrodes. Isolated packets
of neurons were then transferred to a second culture chamber con- RESULTS
taining a host embryo, and the EP cells were then placed onto the
host gut musculature (or within other control regions of the em-
Developmental Origins of the Muscle Bandbryo). Partial insertion of the cell packet into the super®cial muscle
Pathwayslayer of the gut proved to be an effective means of promoting the
attachment and subsequent outgrowth of the transplanted neurons.
As previously described in other insect systems (Poulson,The preparations were then rinsed with sterile medium and allowed
1965; Anderson, 1972; Campos Ortega and Hartenstein,to develop for 24±48 hr in a humidi®ed chamber at 287C.
1985), the midgut in Manduca forms from bilateral anlagenFor some of these manipulations, relatively large incisions were
of visceral mesoderm that extends from the foregut andrequired to gain suf®cient access to the embryonic gut surface. In
such instances, a small graft of dorsolateral body wall from an hindgut rudiments and fuses into two longitudinal ribbons
identically staged embryo was placed into the incision and aligned of tissue (Copenhaver and Taghert, 1989b). These primordia
with the cut boundaries of the host tissue. Typically, the presence subsequently expand ventrally and dorsally, enclosing
of these grafts promoted the closure of the host body wall during much of the yolk to form a coherent midgut tube. As dorsal
subsequent culture; successful healing of the incision substantially closure of the midgut proceeds, longitudinal muscle ®bers
improved the overall viability of the preparations and the morphol- arising from the visceral mesoderm shift medially over the
ogy of the ENS. For each experiment, we performed identical ma-
provisional epithelium of the midgut (asterisk in Fig. 1)nipulations on a minimum of 20 animals, along with matched
until they meet at the midline, thereby forming the outer-controls from synchronous batches of eggs. The extent of normal
most layer of the midgut. During this process, subsets ofdevelopment was evaluated by comparing the distributions of EP
these longitudinal muscle ®bers begin to coalesce intocells on unmanipulated pathways within each experimental animal
tightly fasciculated muscle bands at eight speci®c locationswith those in a series of matched controls. Preparations in which
the overall development of the ENS had been perturbed were not around the midgut (b in Figs. 1 and 2). The remaining longi-
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
AID DB 8377 / 6x14$$$$81 10-11-96 17:04:05 dba AP: Dev Bio
415Guidance of Neuronal Migration
FIG. 1. Schematic drawings of EP cell migration during the formation of the enteric plexus (dorsal view of the mature plexus is shown
at 100% of development). The double arrow indicates the position of the foregutÐmidgut boundary. (55%) Prior to their migration, the
EP cells form a ring of cells around the foregut±midgut boundary and have begun to align with their presumptive migratory pathways on
the gut surface, which include sets of radial muscles on the foregut (drawn as hatched ®bers) and eight longitudinal muscle bands on the
midgut (b, drawn as stippled ®bers). Only the four dorsal sets of muscle bands (L1-L2, R1-R2) are shown (straight arrows). Other longitudinal
muscle ®bers lying between adjacent bands form a more diffuse layer of interband musculature (ib). This muscle layer continues to shift
medially over the provisional epithelium of the midgut (indicated by the asterisk at 55%) until dorsal closure of the midgut is complete.
Between 55 and 60% of development, the EP cells (curved arrows) migrate rapidly along the foregut and midgut pathways but never onto
the interband musculature. After 60% of development, the EP cells continue to extend axonal processes along the muscle bands (arrowheads
at 60%). A subset of cells also comes to occupy each of the nerve arches (a) that span adjacent muscle bands. By the completion of
development (100%), the EP cells have become dispersed throughout the branches of the enteric plexus on both the foregut and midgut,
and they have acquired a variety of position-speci®c phenotypes (see text). RN, recurrent nerve of the foregut. Scale bar  50 mm.
tudinal ®bers between these bands form a more diffuse layer the neurons continue to extend axonal processes along the
muscle bands for another 20% of development (Fig. 1, ar-of interband musculature (ib in Figs. 1 and 2). At the same
time, a set of radial muscle ®bers differentiates on the sur- rowheads) and subsequently innervate the visceral muscu-
lature, once migration is complete (Copenhaver and Tag-face of the foregut, directly beneath the packet of EP cells
(hatched muscle ®bers in Fig. 1; and Copenhaver and Tag- hert, 1989a). Typically, a small number of EP cells also
occupy each of the nerve arches that span adjacent midguthert, 1991). As the visceral musculature differentiates, sub-
sets of EP cells on the foregut begin to align with each of bands (a in Figs. 1 and 2D); however, during normal develop-
ment, the neurons do not typically migrate onto the in-the muscle bands on the adjacent midgut surface. Then,
from 55 to 60% of development, the neurons abruptly mi- terband musculature.
To examine the developmental origins of muscle bandgrate out of the packet, departing in small groups onto one
of the eight longitudinal bands of the midgut or laterally pathways, we applied a combination of electron microscopy
and mitotic labeling with the thymidine analog BrdU atonto the radial muscle ®bers of the foregut (Figs. 1 and 2).
After about 5 hr, the rate of migration diminishes, although stages around the time of EP cell migration. In both immu-
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FIG. 2. Developmental origins of the midgut muscle bands. (A±C) Before migration (53±55% of development). (D ±F) During EP cell
migration (60±62% of development). The foregut±midgut boundary is indicated by the thin bars. (A) At 55%, anti-fasciclin II antibodies
label the EP cells and recurrent nerve (rn) on the foregut and also faintly label the differentiating muscle bands of the midgut (straight
arrows). Subsets of EP cells extend ®lopodia toward each of the developing muscle bands at this stage (curved arrows). Asterisk indicates
incomplete dorsal closure of the midgut. (B) Scanning electron micrograph of approximately the same stage of development. Straight
arrows indicate subsets of longitudinal midgut ®bers that have begun to coalesce into the middorsal muscle bands. (C) Preparation labeled
with BrdU and stained with an anti-BrdU antibody at 53% of development; labeled nuclei can be seen within the lateral regions of the
visceral mesoderm (arrows). The outlines of some of the longitudinal muscle ®bers are faintly visible in these regions. Other labeled
nuclei can be seen in nearby tracheoblasts (t-labeled arrowheads) and in glial precursor cells on the foregut (see Copenhaver, 1993). (D)
At 60%, anti-fasciclin II antibodies label the migrating EP cells (curved arrows) on the foregut and midgut. The middorsal muscle bands
(b) have shifted medially to their mature positions. A subset of EP cells occupies each of the nerve arches (a) spanning adjacent muscle
bands at the foregut±midgut boundary; these cells extend processes but do not migrate onto the interband musculature (ib). (E) Scanning
electron micrograph of a 60% embryo reveals subsets of EP cells (curved arrows) on the middorsal bands of the midgut (straight arrows)
and along the radial muscle ®bers of the foregut. Tracheolar branches are visible as serpentine white cells on the midgut. (F) BrdU labeling
of the dorsal midgut at62% of development, posterior to the migrating EP cells. No mitotic activity can be seen within the longitudinal
muscle bands (arrows) or interband musculature, although intense labeling can still be seen within the underlying epithelium. Modi®ed
versions of A and B were originally published in Copenhaver and Taghert (1989b) and are reprinted here with permission. Scale  30 mm.
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nostained preparations and scanning electron micrographs, cent band (Fig. 3B, arrowheads). With the onset of migration
(55±58%), as the EP cells moved onto the midgut, the lead-the differentiating muscle ®bers could clearly be seen on
the midgut surface, adjacent to the spread packet of EP cells ing process of each migratory neuron could be seen ex-
tending along a muscle band in advance of the cell body,(Fig. 2). As dorsal closure of the midgut proceeded, the layer
of longitudinal ®bers shifted gradually over the provisional with ®lopodial processes radiating out along the ®bers of
that band (Fig. 3C, arrowheads). In contrast, relatively fewmidgut epithelium (asterisk in Fig. 2A), and subsets of the
®bers began to coalesce into muscle bands (straight arrows ®lopodia were seen extending onto adjacent interband mus-
cle cells. As migration proceeded, the leading process ofin Figs. 2A and 2B). In contrast, the other longitudinal ®bers
of the midgut remained uncondensed, forming an evenly each neuron remained con®ned to its muscle band pathway
(Fig. 3D). Relatively short ®lopodia were also seen radiatingspaced layer of super®cial musculature between adjacent
bands (labeled ib in Figs. 2D and 2E). laterally and posteriorly from the cell body on the coalesced
®bers of the band (Fig. 3D, arrowheads). In addition, a subsetTo determine whether the condensed muscle bands
might be formed by local proliferation of muscle precursor of the migrating neurons elaborated trailing axons that ex-
tended back into the recurrent nerve of the foregut (as pre-cells at speci®c locations on the midgut, we labeled staged
embryos with brief pulses of BrdU and then ®xed and viously described; Copenhaver and Taghert, 1989a). By 60%
of development, migration of the EP cells was largely com-stained these preparations with an anti-BrdU antibody (Tru-
man and Bate, 1988; Copenhaver and Taghert, 1990). During plete (see Fig. 1); however, individual neurons continued to
extend processes posteriorly along the muscle band path-the initial differentiation of the midgut (40±50% of develop-
ment), a number of labeled nuclei could be detected within ways for the next 10±20% of development (Fig. 3E, arrows),
giving rise to axons of up to 600 mm and subsequentlythe lateral regions of the visceral mesoderm (Fig. 2C,
arrows), from which the longitudinal muscle ®bers would branching to provide a diffuse innervation of the adjacent
midgut musculature. These results showed that the migra-eventually migrate to cover the gut surface. As midgut clo-
sure proceeded, however, the number of labeled pro®les in tion of the EP cells involved an intimate association be-
tween the leading processes of the neurons and their musclethis cell layer gradually diminished. No evidence of mitotic
activity was detected within the condensing muscle bands band pathways, a relationship that was established during
the initial formation of the muscle bands and was then(Fig. 2F), although the level of BrdU labeling remained
strong in the underlying epithelial layer of the midgut. subsequently maintained throughout the period of migra-
tion and outgrowth.These results showed that while speci®c lineage relation-
ships (as yet unde®ned) might exist among the muscle ®bers In our initial observations of the developing ENS, we
found that the longitudinal muscle bands of the midgutof the midgut, the formation of the longitudinal bands did
not result from their localized proliferation on the gut sur- were invariably used as migratory pathways by the EP
cells, while the interband muscle ®bers (which subse-face. Rather, positional cues associated with particular re-
gions of the midgut must in¯uence the coalescence of these quently received innervation from the mature neurons)
were never seen to support migration (Copenhaver and®bers at eight speci®c locations, prior to the onset of EP
cell migration. Taghert, 1989b). In addition, we found that intermingled
subsets of the EP cells expressed of a variety of morpholog-
ical and transmitter-related phenotypes only after migra-The Muscle Bands Are Suf®cient for EP Migration tion was complete and that these characteristics appeared
and Differentiation to be acquired in a position-speci®c manner. In particular,
one subtype (designated the ``type B'' cells) began to ex-To visualize the interactions between the EP cells and
their migratory pathways in more detail, individual neurons press a FMRFamide-related neuropeptide following migra-
tion. However, this phenotype was usually restricted toand adjacent muscle cells were labeled with complementary
¯uorescent dyes at various stages of development (Fig. 3). a subset of neurons that had migrated onto the midgut
domains of the enteric plexus but was never seen withinPrior to the coalescence of the midgut muscle bands, while
the EP cells were still clustered at the foregut±midgut the foregut domains (Copenhaver and Taghert, 1989a).
These observations suggested (1) that the longitudinalboundary (at 50±53%), DiI labeling revealed that each
neuron possessed a diffuse set of ®lopodial processes ex- bands of the midgut serve as requisite pathways for migra-
tion and (2) that migration onto the midgut is necessarytending across a relatively wide portion of the adjacent mid-
gut surface (Fig. 3A, arrowheads). Simultaneous labeling of for the expression of this FMRFamide-related phenotype
by the type B cells, possibly due to local interactions thatlongitudinal muscle ®bers on the adjacent midgut showed
that individual EP cells were in contact with a number of are speci®c to this region of the enteric plexus.
To test these hypotheses, we established an embryonicmuscle cells, including muscle ®bers in both the presump-
tive band and interband regions of the midgut surface. Be- culture preparation in which the developing ENS could be
visualized and manipulated at speci®c times during EP celltween 53 and 55% of development, however, as the longitu-
dinal muscle bands began to coalesce (Fig. 1), the ®lopodia migration. Staged embryos were restrained in sterile cham-
bers at 50±53% of development (prior to the onset of migra-of individual neurons became increasingly con®ned to a
small number of longitudinal muscle ®bers within an adja- tion), and a temporary incision was made in the middorsal
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FIG. 3. Dye labeling of individual EP cells and their muscle band pathways during migration. For each panel, an EP cell was labeled
with DiI (orange±red), while a single cell within the adjacent muscle band was labeled with ¯uorescein±dextran (yellow±green). White
bars indicate the foregut±midgut boundary. (A) Premigratory EP cell at 52% of development displays a number of ®lopodia (arrowheads)
that extend diffusely across the foregut±midgut boundary. (B) EP cell just prior to migration onset (54% of development) displays a more
polarized leading process with ®lopodia oriented toward its muscle band pathway. (C) EP cell at 56% of development that has begun to
migrate onto the midgut. Its leading process has a profusion of ®lopodia (arrowheads) extending along the muscle band pathway. (D) EP
cell at 58% of development. Filopodial branches can also be seen radiating laterally and posteriorly from the cell body (arrowheads),
although they still remain con®ned to the ®bers of the muscle band pathway. (E) EP cell at 62% of development that has extended its
leading process posteriorly to form an axon (arrows); lateral ®lopodia can still be seen emerging from this process (arrowheads). Scale 
10 mm.
body wall to expose the developing EP cells (Fig. 4A; see of the developing ENS to test whether the midgut muscle
bands provide suf®cient guidance information to supportalso Fig. 9A). The embryos were then allowed to develop
for 48 hr, after which the dorsal body wall was reopened the migration of isolated EP cells. First, to demonstrate
whether the EP cells could migrate in the absence of inputand the preparations were immunostained with both anti-
FMRFamide and anti-fasciclin II antisera (see Materials and from other regions of the ENS, we opened embryos at
56% of development, just after the onset of EP cell mi-Methods). As shown in Fig. 4B, we found that preparations
treated in this manner would continue to develop in an gration (Fig. 9C), and performed a complete transection
of the foregut±midgut boundary (as illustrated in Fig. 5A).essentially normal manner: EP cell migration had proceeded
along both the longitudinal muscle bands of the midgut and With the removal of a segment of the foregut anterior
to the transection, this manipulation effectively isolatedonto the radial muscle ®bers of the foregut; the neurons
had elaborated axonal processes for substantial distances small subsets of the EP cells at the anterior end of each
muscle band. Despite the severity of this manipulation,along the visceral musculature; and a subset of neurons
that had migrated onto the midgut had commenced the when these preparations were examined after 48 hr in
culture, we found that the isolated groups of neurons hadexpression of FMRFamide-related peptides (black cells in
Fig. 4B). As seen in our undissected control embryos, this continued to migrate and differentiate normally (Figs. 5B
and 9D). Both EP cell migration and outgrowth had pro-peptidergic phenotype was expressed only by neurons that
had migrated onto the midgut, but never within the EP cells ceeded along the muscle band pathways but not on the
interband musculature. A subset of neurons also re-that had migrated onto the radial pathways of the foregut.
A photomicrograph of this position-speci®c pattern of ex- mained within the residual portions of the nerve arches
that originally spanned adjacent bands (a in Fig. 5B). Aspression is shown in Fig. 9B. Thus, the normal sequence of
EP cell migration and position-speci®c differentiation was in control animals (see Figs. 1 and 2), these cells extended
processes but never migrated onto the interband mus-found to occur in this semi-intact culture preparation.
We next performed a series of surgical manipulations culature. In addition, a subset of the postmigratory neu-
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behavior unless they made contact with a muscle band
(see Fig. 9E). In addition, when these preparations were
stained for FMRFamide immunoreactivity, a subset of
neurons that had migrated out of the transplanted packet
were also found to express this peptidergic phenotype
(Figs. 6B and 9E). Again, while the total number of EP
cells was reduced by these manipulations, the proportion
of neurons expressing the FMRFamide phenotype was
similar to that seen in control preparations (Table 1). To-
gether, the results shown in Figs. 5 and 6 indicated that
the midgut muscle bands provide suf®cient guidance in-
formation to promote the directed migration of the EP
cells, even in the absence of continuity with the rest of
the developing ENS.
The Muscle Bands Are Necessary for EP Cell
Migration but Not Differentiation
We next investigated whether the presence of the muscle
bands was necessary for the migration of the EP cells or, in
FIG. 4. Migration and differentiation of the EP cells proceed nor-
mally in semi-intact embryos maintained in culture. (A) Schematic
drawing of the premigratory EP cells in an embryo placed in culture
at 52% of development and opened middorsally; the foregut±mid-
gut boundary is indicated by the double arrow. (B) Camera lucida
drawing of a cultured embryo after 48 hr in culture. Double-immu-
nostaining with anti-fasciclin II and anti-FMRFamide antibodies
revealed that EP cell migration and axon outgrowth had proceeded
normally on both the foregut and midgut; in addition, a subset of
the EP cells that had migrated onto the midgut contained detectable
FMRFamide immunoreactivity (black cells). L1-L2 and R1-R2 repre-
sent the four dorsal muscle bands of the midgut (compare with Fig.
1). Scale  60 mm.
rons had commenced the expression of the FMRFamide-
related phenotype, as observed in our control animals
(in 18 of 22 animals). Although the total number of EP
cells in these preparations was reduced as a result of this
manipulation, the proportion of neurons exhibiting
FMRFamide immunoreactivity was identical to that of
our cultured controls (33% of all migrated EP cells; see
Table 1).
As a more stringent test of the muscle bands as migra-
tory pathways, we transplanted premigratory EP cell
FIG. 5. Isolated subgroups of EP cells migrate and differentiategroups (from 50% embryos) onto the posterior regions of
normally when left in contact with a muscle band pathway. (A)host embryos (at 56% of development), by placing the
Surgical transection of the foregut±midgut boundary and removaltransplanted neurons at locations distal to the normal
of the posterior foregut just after the onset of migration (56% ofextent of EP cell migration (Fig. 6A). After 48 hr in cul-
development) left isolated groups of EP cells on each of the midgutture, we often found that the transplanted cells had
muscle bands (shown schematically). (B) After 48 hr in culture, theattached to the host midgut musculature (12 of 20 prepa-
isolated cell groups were found to have migrated and differentiated
rations). In addition, when cell attachment occurred, we normally (redrawn in simpli®ed form from a camera lucida image),
could detect evidence of both migration and outgrowth including a few neurons that occupied arch cell positions between
in both directions along a nearby muscle band on the adjacent bands (a; see Fig. 1). A subset of the postmigratory cells
host midgut (Fig. 6B). Cells that were transplanted into had also commenced the expression of FMRFamide-related pep-
tides (black cells). Other labels as shown in Fig. 4.interband regions typically did not exhibit this migratory
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TABLE 1 of the transected regions, the preparations were allowed to
Effect of Surgical Manipulations on the Number of EP Cells develop for 48 hr in culture. As shown in Fig. 8B, the migra-
Expressing FMRFamide-Related Peptides in Culture tory dispersal of the EP cells was almost completely inhib-
ited by this manipulation, corresponding to the elimination
No. FMRFamide- Total No. % peptidergic of their normal muscle band pathways. Some residual mi-
Manipulation positive cells EP cells cells
gration still occurred on the remaining foregut pathways
(19 of 22 preparations). However, a subset of the stranded EPControls 70 210 33
I 56 172 33 cells also showed unambiguous expression of FMRFamide-
II 49 175 28 related peptides (Fig. 8B and arrowheads in Fig. 9G), al-
III 47 181 26 though the proportion of neurons expressing this phenotype
IV 15 151a 10 was markedly reduced when compared with controls (Table
1). No migratory neurons were detected on the residual mid-Note. Cell counts were taken from camera lucida drawings of
gut muscle bands in these preparations, as expected (Fig.culture preparations (n ⁄ 10 for each group). Group I: transection
9H). Thus, while contact with the longitudinal muscleof the foregut±midgut boundary after migration onset (see Fig. 5).
bands is both necessary and suf®cient for EP cell migration,Group II: transplanted EP cell groups (see Fig. 6). Group III: removal
of a single midgut muscle band (see Fig. 7). Group IV: transection this interaction is not absolutely required for the acquisi-
of the foregut±midgut boundary before migration onset (see Fig.
8).
a The total number of neurons in group IV is probably an underes-
timate, due to ambiguities in the camera lucida images of these
unmigrated cell populations.
the absence of the bands, whether the neurons could follow
alternative routes on the visceral musculature. When the
anterior portion of an individual muscle band was removed
from the gut surface, prior to migration onset (Fig. 7A), we
subsequently found that EP cell migration and differentia-
tion proceeded normally on the adjacent unablated bands,
as expected. In contrast, no migration was detected in the
vicinity of the ablated band, although in most instances, the
interband musculature in these regions appeared relatively
intact (Figs. 7B and 9F; 15 of 20 preparations). Near the
foregut±midgut boundary at the position of the ablated
band, we often saw an increased number of EP cells that had
not migrated, suggesting that these neurons had initially
aligned with the ablated band but had remained stranded
on the foregut. As discussed below, the failure of these cells
to realign with a neighboring band may re¯ect the relatively
short period of development during which migration nor-
mally occurs. However, while most of the stranded EP cells
did not stain positively with our anti-peptide antisera, we
could occasionally detect FMRFamide immunoreactivity in
a small number of these neurons, despite their failure to
migrate onto the midgut (arrow in Fig. 7B and arrowheads
in Fig. 9F). This result suggested that migration along the
FIG. 6. Transplanted groups of premigratory EP cells migrate andmuscle bands was not absolutely required for the acquisi-
differentiate when placed in contact with a host muscle band. (A)tion of the peptidergic phenotype.
An entire packet of premigratory EP cells was removed from a 52%Because the FMRFamide-positive EP cells within these
embryo (see Fig. 4A) and transplanted onto the midgut of a slightlystranded clusters were always close to the foregut±midgut
older host embryo (at56% of development). The cells were placedboundary, we suspected that they might still be interacting
in the vicinity of the middorsal muscle bands but at a positionwith stimulatory cues on the midgut that could induce neu-
beyond the normal extent of EP cell migration (shown schemati-
ropeptide expression. To control for this possibility, we per- cally). (B) After 48 hr in culture, both the host and transplanted EP
formed a second series of complete transections of the fore- cells showed evidence of migration and outgrowth along the muscle
gut±midgut boundary, but at a time prior to the onset of band pathways. In addition, a subset of the transplanted cells had
EP cell migration (Fig. 8A). After complete removal of a commenced the expression of FMRFamide-related peptides (black
cells). Other labels as shown in Fig. 4.proximal segment of the midgut to prevent reattachment
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mitotic patterns associated with the developing gut has in-
dicated that most (if not all) of the muscle precursor cells
are generated within the lateral regions of the visceral meso-
derm. From these regions, postmitotic muscle ®bers pro-
gressively shift across the more medial surfaces of the gut,
in conjunction with the closure of the midgut both ventrally
and dorsally. During this process, subsets of the longitudi-
nal muscle ®bers are induced to coalesce into bands at eight
speci®c locations around the circumference of the gut. The
positions occupied by these bands are precisely regulated
and invariant from animal to animal, although no obvious
structural landmarks distinguish the locations of the bands
prior to their condensation. A number of developmentally
regulated genes have been shown to contribute to the early
patterning of the midgut in Drosophila, including members
of the transforming growth factor-b superfamily (Frasch,
1995; Immergluck et al., 1990; Panganiban et al., 1990) and
genes that regulate pattern formation in other regions of
the embryo (e.g., Capovilla et al., 1994; Reuter et al., 1990).
Whether similar mechanisms underlie the precise spacing
of the eight longitudinal muscle bands on the midgut of
Manduca remains to be investigated.FIG. 7. Removal of an individual muscle band prevents the migra-
Regardless of the molecular mechanisms that determinetion of EP cells in the vicinity of the ablated band and results in
an increased number of residual neurons left on the foregut. (A) where the muscle bands form, it is clear that these struc-
Surgical removal of one of the middorsal muscle bands (L1) was tures form essential pathways for the migration of the EP
performed in the vicinity of the foregut±midgut boundary at52% cells: in all of our manipulations, neuronal migration oc-
of development (shown schematically). (B) After 48 hr in culture, curred whenever EP cells were allowed to contact a muscle
EP cell migration and differentiation had proceeded normally on band, whereas migration was blocked when this interaction
the unablated pathways, but no migration or axonal outgrowth was
seen in the vicinity of the ablated band (dotted lines). An increased
number of EP cells could also be seen on the foregut near the
position of the ablated band, a small number of which showed
detectable levels of FMRFamide immunostaining (arrow). Other
labels as shown in Fig. 4.
tion of the FMRFamide-related phenotype by at least some
of the neurons. These results indicate that while the migra-
tion and delayed differentiation of the EP cells normally
occur in a precisely coordinated manner, additional cues
(either intrinsic or extrinsic to the EP cells) can induce the
onset of peptidergic expression in these neurons, even when
migration is blocked.
DISCUSSION
Guidance of EP Cell Migration by the Muscle
Bands FIG. 8. EP cell migration but not differentiation is inhibited by
preventing contact with the muscle band pathways. (A) Transec-We have shown that the migration of the EP cells within
tion of the foregut±midgut boundary before migration (at 52%the developing ENS proceeds only after the formation of
of development) and removal of the anterior midgut to isolate the
identi®ed pathways, including speci®c sets of radial muscle EP cells on the foregut (shown schematically). (B) After 48 hr in
®bers on the foregut and eight longitudinal muscle bands culture, the isolated EP cells had undergone only minimal dispersal
on the midgut. In this paper, we have focused on the role from their initial positions. However, a subset of the stranded EP
of the midgut pathways, which are notable for the develop- cells had commenced the expression of FMRFamide-related pep-
tides (black cells). Other labels as shown in Fig. 4.mental sequence by which they arise. Our analysis of the
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FIG. 9. Photomicrographs of surgical manipulations performed in embryonic culture to perturb EP cell migration and differentiation. Preparations
were immunostained ®rst with anti-FMRFamide antisera that was visualized with DAB/H2O2 / NiCl (black reaction product) and then with a
fasciclin II-speci®c monoclonal antibody that was visualized with DAB/H2O2 alone (orange±brown reaction product). Paired bars indicate the
foregut±midgut boundary. (A) Premigratory EP cells at52% of development at the foregut±midgut boundary stain with anti-fasciclin II but not
anti-FMRFamide antisera. (B) Embryothat was opened in cultureat 52%and allowedto develop for an additional 48 hr; a subset of the postmigratory
neurons was stained with anti-FMRFamide antisera (black arrowheads), interspersed among nonpeptidergic cells (white arrowheads). (C) Control
embryo that was immunostained at56% of development. Subsets of the migratory EP cells extended processes (black arrows) onto the midgut
muscle bands (open arrows; compare with Fig. 3), but none of the cells expressed FMRFamide immunoreactivity. (D) Embryo in which the
foregut±midgut boundary was transected at 56% of development (compare with Fig. 5). After 48 hr in culture, migration and outgrowth of the
isolated cell groups had proceeded normally, and a subset of neurons had commenced the expression of the FMRFamide phenotype (black
arrowheads). (E) Embryo in which a premigratory packet of EP cells from a 52% embryo was transplanted onto the midgut of a host embryo at
56% of development (compare with Fig. 6). After 48 hr in culture, evidence of both neuronal migration (arrowheads) and process outgrowth
(black arrows) from the transplanted cell packet could be detected along the host muscle bands, and a subset of the transplanted neurons had
commenced the expression of the FMRFamide phenotype (black arrowheads). (F) Embryo in which one of the middorsal muscle bands (L1) was
surgically removed at52% of development (compare with Fig. 7). Migration and differentiation of the EP cells on neighboring pathways appeared
normal, but no migration was seen in the vicinity of the ablated band (dotted lines). In addition, an increased number of neurons were seen on
the foregut near the position of the ablated band, and a subset of these stranded neurons contained FMRFamide immunoreactivity. (G) Embryo
in which the foregut±midgut boundary was transected at 52% of development to isolate all of the EP cells on the foregut (compare with Fig. 8).
After 48 hr in culture, only a minor amount of migration and outgrowth had occurred, but a subset of the stranded neurons had commenced the
expression of FMRFamide-related peptides (arrowheads). (H) The residual midgut muscle bands of the same preparation shown in G contained
no detectable EP cells. Scale  30 mm.
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
10-11-96 17:04:05 dba AP: Dev Bio
423Guidance of Neuronal Migration
was prevented. Dye injections of individual neurons before each neuron selects and follows one of the muscle band
pathways. Moreover, although the EP cells typically mi-migration revealed an array of ®lopodial processes in con-
tact with muscle ®bers in both band and interband regions grate in small groups, it does not appear that particular
neurons serve a ``pioneering'' function, by which an individ-of the midgut (Fig. 3), apparently providing the EP cells with
the means of distinguishing appropriate from inappropriate ual cell (or a small number of cells) might dictate the direc-
tion taken by subsequent neurons. When we monitored thepathways for subsequent migration. Given the fact that sub-
sets of EP cells were seen to align with each of the muscle progress of dye-labeled EP cells for a period of several hours,
we often observed that individual neurons would travel overbands as they coalesced, it is likely that these initial ®lo-
podial extensions serve an instructive function in the detec- and past their more advanced neighbors in the course of
migration (unpublished observations). During this process,tion of the nearest migratory pathway. These observations
may also explain why EP cells that were initially aligned the EP cells became increasingly dispersed, and solitary neu-
rons were often found distributed along the muscle bandswith a particular muscle band often failed to adopt a new
pathway when that band was ablated (Fig. 7). Although we once migration was complete. We therefore believe that
migration in the ENS involves the active selection of a mus-suspect that each neuron is capable of migrating on any of
the bands, the normal period of migration is suf®ciently cle band pathway by each neuron, although this interaction
usually occurs simultaneously for many of the migratoryshort (about 5 hr of development) that a cell may not have
time to ``course-correct'' onto a new band when its chosen cells.
pathway is removed. The fact that transplanted EP cells
were capable of migrating on host band regions during this Regulation of Peptidergic Phenotype Issame period (Fig. 6) would indicate that the failure to mi-
Independent of EP Cell Migrationgrate following a muscle band ablation was not simply due
to nonspeci®c trauma to the neurons; rather, this inhibition In contrast to the requisite nature of the muscle bands as
migratory pathways, interactions between the EP cells andmay re¯ect a lack of suf®cient contact with an alternative
pathway for migration to proceed in a timely manner. In components of the midgut (including the bands) do not ap-
pear to be essential for the expression of the FMRFamide-our transplantation experiments, we also noted that EP cells
could migrate in both directions along host muscle bands related phenotype. Although the appearance of this pheno-
type is normally delayed until after migration is complete(Figs. 6 and 9E). This observation suggests that the muscle
bands may simply provide a permissive substrate for migra- and then is restricted to neurons on the midgut, our manipu-
lations clearly showed that at least some of the EP cellstion, while other factors (including the geometry of the de-
veloping ENS and cell±cell interactions among the EP cells) have the capacity to express this phenotype even when their
migration is blocked. Similarly, transplantation of EP cellmay dictate the normal directionality of neuronal migra-
tion. We did note a reduction in EP cell migration onto the packets onto interband regions of the midgut resulted in a
general inhibition of migration, but a subset of the neuronslateral foregut pathways following a complete transection
of the foregut (Fig. 8). This effect was probably caused by still developed FMRFamide immunoreactivity, despite their
ectopic locations (not shown). Thus, while the regulation ofpartial damage to the radial muscle ®ber pathways on the
foregut (see Fig. 1), some of which have insertions at the FMRFamide expression is normally position-speci®c within
the ENS, it does not appear to be strictly position-depen-foregut±midgut boundary. There was also an apparent re-
duction in the total number of EP cells in these preparations dent. These results suggest that at least some of the EP cells
are predisposed to express FMRFamide-related neuropep-(Table 1), a result that we attribute to ambiguities in our
camera lucida images of the unmigrated, multilayered cell tides before they migrate. In previous work, we analyzed
the mitotic relationships within the EP cell population (Co-groups. To date, however, we have not detected any consis-
tent increase in neuronal death. penhaver and Taghert, 1990) and found that individual pre-
cursor cells within the neurogenic placode of the foregutWhile the number of EP cells that occupy a particular
band is roughly similar from animal to animal, it does not could generate up to eight postmitotic EP cells. We also
detected some evidence for morphological heterogeneityappear that individual neurons are predestined to migrate
on a speci®c pathway. As previously noted (Copenhaver and within these clonally related groups, indicating that the
progeny of a single placodal cell can express divergent phe-Taghert, 1989a), variability in the distribution of EP cells
on the eight bands appears to result from stochastic interac- notypes. However, we did not ®nd evidence for a strict lin-
eal relationship between individual precursor cells and neu-tions between the neurons and the muscle bands during
their initial alignment and may be affected by interactions rons with speci®c differentiated phenotypes, as has been
found elsewhere in the insect nervous system (Bate, 1976;among the EP cells, as well. During migration, each neuron
that we examined had a leading process with profuse ®lo- Doe et al., 1985; Taghert et al., 1984). Whether lineage-
derived cues might instruct a subset of the EP cells to ex-podia extending along the band being followed. These mor-
phological features are typical of cells undergoing directed press the FMRFamide-related phenotype has yet to be deter-
mined.locomotion (Book et al., 1991; Edmondson and Hatten,
1987; Rakic et al., 1974) and indicate that the migratory While migration onto the midgut is not absolutely re-
quired for peptidergic expression by the EP cells, the arrivaldispersal of the EP cells is an active process, during which
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of neurons into this particular region of the ENS does appear Weeks and Levine, 1990) or other secreted proteins known
to affect the development of the insect midgut (Mathies etto contribute to the regulation of their mature phenotypes.
During normal development, the morphological and bio- al., 1994; Panganiban et al., 1990) have yet to be investi-
gated with respect to EP cell differentiation.chemical differentiation of the EP cells commences only
after their migration is complete, and the subsequent out- Finally, although we have used several antibodies that
recognize a common motif on many neuropeptides (Arg-X-growth of their terminal arborizations corresponds to the
disposition of local target muscles on the gut surface (Co- amide), we have good evidence that the EP cells do not
make authentic FMRFamide. Using a battery of anti-peptidepenhaver and Taghert, 1989a). In the present study, we did
not investigate the arborization patterns of individual EP antibodies against different members of the FMRFamide
family from Drosophila (Schneider and Taghert, 1990), wecells that had been inhibited from migrating. However, the
overall extent of axonal outgrowth appeared to be substan- found that none of these antibodies labeled the EP cells,
although they did produce positive staining in other neu-tially diminished when migration was blocked (as detected
by TN-1 immunostaining). The fact that a subset of the EP rons within the developing nervous system. Similarly, an
antiserum against Manduca FLRFamide (Kingan et al.,cells exhibited FMRFamide immunoreactivity despite their
lack of migration indicates that at least some of these neu- 1990) failed to label the EP cells. Currently, we suspect that
these neurons express one or more neuropeptides in therons are committed to express the peptidergic phenotype
prior to their migration, an event that can occur even when myosuppressin family, as has been demonstrated for some
enteric neurons in Drosophila (McCormick and Nichols,other aspects of their differentiation have been impeded.
These results might also suggest that some of the EP cells 1993). To date, we have been unable to obtain antibodies
against the myosuppressins to test this possibility. Wewill preferentially migrate onto the midgut instead of the
foregut, although we have not observed any consistent posi- therefore have monitored the onset of peptidergic expres-
sion in the EP cells as a robust marker of their phenotypictional relationships among the premigratory EP cells that
might support this type of intrinsic cell sorting. differentiation without attempting to characterize the iden-
tity of the particular peptide being expressed.Alternatively, there may be an element of predisposition
within the EP cells to acquire a particular phenotype (such
as the expression of FMRFamide-related peptides) that is
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